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Abstract
Cough reflex hypersensitization is a key feature in patients with troublesome cough. The clinical consequence of this hypersensitive state is typified by bouts of coughing often triggered by low threshold stimuli encountered by the patient during normal daily activities including exposure to aerosols, scents and odours, a change in air temperature and when talking or laughing. These features are often perceived by cough patients to be the most disruptive aspect of their condition and undoubtedly contribute to impaired quality of life.
Patients with troublesome cough may describe a range of additional symptoms and sensations including an 'urge to cough' or the feeling of an 'itch' at the back of the throat, or a choking sensation and occasionally chest pain or breathlessness. It is uncertain if these features arise due to the processes responsible for cough reflex sensitisation or as a direct consequence of the underlying cough aetiology. In an attempt to understand the clinical features of a sensitized cough reflex, the spectrum of symptoms typically described by cough patients will be reviewed and possible underlying mechanisms considered. Since an intact cough reflex is crucial to airway protection, anti-tussive treatment that attenuates the hypersensitive cough state rather than abolishing the cough reflex completely would be preferable. Identifying such agents remains a clinical, scientific and pharmacological challenge.
Introduction
Coughing is an important and appropriate response to noxious stimuli. However, in many acute and chronic respiratory disease states, a cough may develop which is troublesome, seems purposeless and is refractory to medication. While most focus has correctly centred on the investigation and treatment of cough as a specific complaint [1, 2] there is increasing recognition that cough patients report a range of additional sensations including an 'urge to cough', the feeling of an 'itch' or 'lump' at the back of the throat, a choking feeling and occasionally chest discomfort and breathlessness. These patients also complain that bouts of coughing are triggered by relatively innocuous stimuli frequently encountered during normal daily routine such as exposure to aerosols, scents and odours, a change in air temperature or when talking or laughing. This airway sensory hyperreactivity (SHR) is often what disturb patients most about their condition and appears to be of sufficient importance to impact on health status [3] . In the development of the two most widely used cough quality of life questionnaires items most frequently perceived as important by cough patients included statements such as; 'exposure to paint or fumes made me cough' [4] and 'I can no longer sing, for example, in church' [5] .
Very little is known regarding the pathophysiology of SHR but in this article we consider the evidence that it may arise as a direct consequence of the neuroinflammatory events considered mechanistically important in cough.
Clinical features of cough
The act of coughing may cause a variety of musculoskeletal (chest wall pain), cardiovascular (syncope) and neurological (headache) symptoms which arise as a consequence of the cough intensity or a direct and profound effect of vagal stimulation. Some of the reasons why patients seek medical attention for cough include insomnia, a feeling of exhaustion, concern of serious underlying illness and self-consciousness from repeated coughing in public [6, 7] . This information tells us more about the physical impact and cognitive perception of problem coughing but nothing about its aetiology or the mechanisms responsible. Current management guidelines emphasise the importance of taking a careful history from the cough patient at the time of clinical presentation [2] . This usually identifies a range of symptom characteristics of which some, such as the abrupt onset of cough with eating or worsening cough in the workplace may be diagnostically helpful. More typically the history identifies a range of less specific aggravating features such as change in air temperature or exposure to scents and smells [8] . Until fairly recently there has been little focus on the typical irritants
and noxious stimuli which aggravate cough. Inhaling cold air provokes a number of respiratory symptoms including cough [9] and is regarded as a causative factor in the high prevalence of asthma seen in cross country skiers [10] . It has been proposed that cold air may directly sensitize 'cold' thermoreceptors [11] . Noxious heat is known to activate certain receptors although the in vitro thresholds are approximately 43 o C suggesting that such receptors may be inactive at normal body temperatures [12] . However these receptors exhibit dynamic thresholds for activation that could be significantly lowered in the inflammatory conditions present in airway diseases such as asthma, COPD or cough syndromes. A more complete discussion on thermosensors and their activation will follow below. Talking, laughing and singing also appear to trigger bouts of coughing in patients with chronic cough although the mechanism is uncertain. It may arise from the activation of mechanosensitive receptors by the movement of air drawn through the airway during a fit of laughing or while talking or singing. While a number of studies have reported that laughing is strongly associated with exacerbations of asthma [13, 14] there is no current literature on laugh-induced coughing. Possible mechanisms responsible include sudden changes in lung and chest wall mechanics during laughter [15] or in relation to the specific type of humorous stimulation involved and its processing with the cortex (John Widdicombe, personal communication).
Further discussion of this topic is outside the scope of this article.
For the purpose of this review we have considered three broad categories of noxious stimuli which seem to commonly bother cough patients; i) Change in air temperature (thermoactivation)
ii) Exposure to aerosols, scents and odours (chemoactivation)
iii) Inhaling of volumes of air into the bronchial tree during laughing, talking or singing (mechanoactivation).
While this categorisation is likely to represent an over-simplification it is intended to serve as a practical outline of the airway sensory hyperreactivity that we consider important in patients with cough.
How common is airway sensory hyperreactivity (SHR)?
Millqvist et al. first proposed the term airway sensory hyperreactivity (SHR) to define a syndrome of self reported odour intolerance combined with heightened sensitivity to inhaled capsaicin [16] . An accurate estimate of the prevalence of SHR in the general population is
difficult due to a lack of consistency in its definition. The range of terms commonly used and interchanged include; airway symptoms from chemicals (ASC) [17] , multiple chemical sensitivity (MCS) syndrome [18] and the symptoms attributed to low level exposure to chemical and physical hazards in nonindustrial indoor environments called 'sick-building syndrome' [19] . Furthermore there are no validated objective methods to measure or detect this condition. A number of population based studies have suggested that sensitivity to chemicals is a common problem with reported estimates ranging from 6-18% [20, 21] . A number of studies designed to determine the prevalence of odour intolerance or self-reported illness from chemical odours in the general healthy population have reported prevalence rates of 33% and 66% respectively with predominance amongst female study participants [,22,23] .
Using a combination of the Chemical Sensitivity Scale for Sensory Hyperreactivity (CSS-SH) score and a positive capsaicin inhalation test to define SHR, Johasson et al reported the prevalence to be 6.3% in a group of randomly selected individuals from a large general population based study [24] . Airway sensory hyperreactivity, in particular chemosensitivity is of importance in the workplace and can lead to early exit from employment. In one study of irritant-exposed glass bottle workers the term 'cough and airway irritancy' was used to describe this group who were found not to have occupational asthma but had increased cough reflex sensitivity compared with healthy control workers [25] . In another example, workers in a chilli pepper factory who continuously exposed to capsaicin reported chronic cough and demonstrated heightened cough reflex sensitivity [26] . A recent review of irritant-induced cough provides a useful overview of this topic [27] .
In the clinical setting, the existing literature on the prevalence of SHR reflects the experience of one centre and has focused on patients reporting a range of 'asthma-like' symptoms including coughers [28] and atopic individuals [17] . A recent longitudinal follow up of SHR patients over 5 years using repeat quality of life questionnaires and cough reflex sensitivity testing has suggested this syndrome persists unchanged over time [29] . While the existing literature provides important information on the extent of the problem, the definition of SHR, as currently exists, fails to include the non-chemical noxious stimuli that are important aggravants of cough.
Prevalence of SHR in a specialist cough clinic
For the purpose of this brief overview, we have provided some preliminary information on the prevalence and characteristics of airway SHR in patients referred to a specialist cough clinic. As alluded to above we have considered chemical, thermal and mechanical stimuli as 
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The cough reflex
The protective (physiological) cough response to a noxious stimulus is likely to be elicited by direct activation of receptors on afferent sensory airway nerves with very little involvement from non-neuronal cells. The precise type of afferent sensory nerve responsible for cough in humans is unknown but there are a number of candidates; rapidly adapting receptors (RARs) located on Aδ-type nerves (chemo and mechanosensitive), small nonmyelinated C-fibres (chemosensitive) and a specific sodium ATPase receptor [30] . Following stimulation and activation, the nerve cells depolarize, generating an action potential (nerve impulse) which
propagates along the vagus nerve to a region in the brain stem believed to be the nucleus tractus solitarius (NTS) [31] . Here, the sensory information undergoes processing, following which efferent fibres relay to the laryngeal structures and thoraco-abdominal musculature responsible for coughing. The cerebral cortex also exerts considerable influence over these processes and is considered responsible for cognitive responses to cough stimuli including the decision to suppress or elicit a cough following the sensation of an 'urge-to-cough' [32] .
Some of the neurophysiological events associated with the 'urge-to-cough' have been investigated in man using functional positron emission tomography [33] .
Airway cough receptors
Most of the information concerning the likely receptors (nociceptors) involved in cough (physiological and pathological) has come from work with capsaicin (8-methyl-n-vanillyl-6-nomamide), the chemical extract from hot chilli peppers which readily evokes cough in humans and animals [34, 35] [36]. Capsaicin is believed to activate the transient receptor potential vanilloid 1 (TRPV1) channel which is one of the transient receptor potential (TRP)
family of ion channels. TRPV1 is a non-selective, cation channel with a preference for calcium and with extensive neuronal and non-neuronal distribution throughout many organ systems including the lung. Increased expression of TRPV1 receptors has been demonstrated in the airways of humans, including patients with chronic cough [37, 38] . In addition to chemoactivation (by capsaicin), the receptor is directly activated by acidification (protons) and noxious temperatures [12] . There are important parallels with TRPV1 activation and other chronic disease states associated with abnormal sensory responses. In a TRPV1-homozygousnull (knockout) mouse model, thermal hypersensitivity failed to develop following hind-paw injection of a pro-inflammatory agent [39] . TRPV1 expression is also increased in A-δ fibres during nerve-injury induced thermal hyperalgesia [40] and in diabetic neuropathy [41] .
Within this large TRP superfamily, a number of additional cation channels exist which are likely to be of importance in the cough response to a broad range of noxious stimuli. Among these, there has been interest in the cold-responsive TRP channels, TRPA1 and TRPM8. The vagal sensory nerves innervating the airways of mice are known the express TRPA1 [42] and functional TRPM8 receptors have been demonstrated on human bronchial epithelium [43] providing some support for the role of these ion channels in sensing and responding to changes in the ambient temperature. Another receptor which is responsive to acidification is the acid-sensing ion channel (ASIC). It belongs to the ENaC/DEG (epithelial amiloridesensitive Na + channel and degenerin) family of ion channels. The ASIC family comprises four different genes encoding seven isoforms which are widely expressed in neurons of both the central and peripheral nervous system but also in non-neuronal sites including lung epithelial cells (ASIC3) [44] . The ASIC receptors appear to have a functional role in a variety of nociceptive responses including cough [45] . The ASICs and the TRP family of receptors may represent promising targets for novel anti-tussive therapy.
The cough reflex in disease
It is generally accepted that the cough reflex is hypersensitive in all respiratory diseases (acute or chronic) where cough is a prominent symptom. This statement is strongly supported [50] and idiopathic pulmonary fibrosis [51] . The cough reflex is also heightened in extra-pulmonary diseases associated with cough such as gastrooesophageal reflux disease [52] and rhinosinusitis [8] . It is important to appreciate that the cough reflex is in dynamic state of activation and a number of exogenous and endogenous factors may alter the degree of sensitization. The most obvious example is the change in cough reflex sensitivity following an upper respiratory tract infection. After a viral infection, the cough reflex becomes hyperreactive and remains in this activated state for a variable period of time (typically no more than 2-3 weeks while the patient is symptomatic [53] )
following which the hyperreactivity diminishes and the cough reflex responsiveness returns to its baseline state [46] . However, in some circumstances this hypersensitized state persists long after the initial triggering event leading to a chronic cough state ( 
Inflammation, cough reflex sensitisation and airway sensory hyperreactivity
Cough reflex sensitization may occur peripherally and/or centrally [54, 55] . As the central processes involved are outside the scope of this review, our intention is to focus on the airway inflammatory events likely to be responsible for the sensitization of cough receptors.
Acute and chronic cough are both associated with airway inflammation. Acute viral infection induces lower airway inflammation [56] which may persist long after the infection has resolved [57] . Inflammatory changes including damaged bronchial epithelial, basement membrane thickening and a chronic inflammatory (mainly lymphocytic) infiltrate have been demonstrated in bronchial biopsies from patients with chronic cough [58] . Eosinophils, mast cells and their respective mediators have been detected in both airway lavage samples and induced sputum from chronic coughers [59] [60] [61] .
There is considerable evidence to support the notion that airway inflammation influences neural function and in so doing may sensitize the cough reflex. Guinea pigs exposed to sulphur dioxide (SO 2 ), an environmental pollutant known to induce airway inflammation,
exhibit an enhanced cough response to capsaicin which can be blocked by the antiinflammatory agent dexamethasone [62] . Allergic inflammation has been shown to induce expression of neuropeptides in neurones that would not typically express these inflammatory proteins [63] . This 'phenotypic switch' underlines the powerful influence of inflammation on neural function. However the precise mechanism and the specific inflammatory cells and Mast cells release histamine and tryptase, both of which have been detected in the airways of cough patients [59, 60] . In an experimental model of itch, tryptase is known to activate the proteinase activated receptor (PAR-2) located on the C-fibre nerve terminal, releasing substance P which in turn sensitises the mast cell to release TNFα which in known to sensitize nociceptor function [64] . Neuropeptides such as substance P and neurokinin A are elevated in the airways of asthmatic patients with cough [65] and airway levels of calcitoningene-related peptide (CGRP) are positively correlated with capsaicin cough reflex sensitivity [66] .
Eosinophils are also a potential source of inflammatory mediators which may modify cough.
We have previously shown that eosinophils selectively localise to airway nerves of humans [67] . Once localised to airway nerves eosinophils we have shown that adhesion to airway nerves promotes the release of eosinophil granule proteins [68] . Further in vitro studies have shown that eosinophil granule proteins sensitise rat vagal pulmonary sensory neurons thereby promoting cough [69] Both bradykinin and PGE 2 inhalation is known to sensitise the cough reflex [70] . Bradykinin acts on B1/B2 receptors on the nociceptor terminal and via the protein kinase C (PKC) pathway (phosphporylation) sensitizes TRPV1 channels [71] . Prostanoids such as PGE 2 can also indirectly sensitize the TRPV1 receptor via PKC activation [72] .
Nerve growth factor (NGF) is an important mediator stored and released by a number of cells, either resident or recruited to the airway. As the bronchial epithelium is the first point of contact for noxious stimuli to the airway, these cells are an important source of inflammatory mediators including NGF. Increased neurotrophin levels including NGF have been demonstrated in the airways of patients with pulmonary fibrosis and increased capsaicin cough sensitivity [51] . The high affinity NGF receptor (tyrosine kinase receptor TrKA) is expressed on nociceptors and its activation leads to sensitization of the TRPV1 receptor [73] .
In addition, NGF can modulate the expression of nociceptor genes including TRPV1 and substance P by transport of NGF-TrKA to the nucleus providing a mechanism for chronic nerve sensitization [74, 75] . Following capsaicin challenge, patients with airway sensory hyperreactivity to scents and chemicals, had significantly greater increases in nasal lavage NGF levels than healthy controls [76] . A schematic of some of the mechanisms proposed above has been provided in Fig. 2 . They each represent a means of cough reflex sensitization and as such potential targets for new treatments.
Conclusions
There is an increased appreciation of the range of symptoms that disturb patients with acute and chronic cough. One of the most important, occurring in two-thirds of patients with chronic cough, is the bouts of coughing provoked by relatively innocuous airborne stimuli such as aerosols, scents and cold air. In the last few years, there have been significant advances in the understanding of mechanisms responsible for abnormal sensory responses such as chronic pain and itch. Much of this knowledge is directly relevant to our understanding of the abnormal airway sensory hyperresponsiveness and cough reflex hyperreactivity common in respiratory disease. Almost certainly the airway neuroinflammatory events triggered by a variety of chemical, thermal, mechanical and infective aggravants damage airway sensory nerves and are responsible for sensitization of nociceptors. Treatment aimed at 'resetting' this cough reflex sensitization to baseline or predisease levels is a key therapeutic objective. 
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Legend to figure 1.
Schematic of proposed changes in cough reflex sensitivity following viral upper respiratory tract infection.
Following a viral infection, the cough reflex becomes hyperreactive and remains in this activated state for a variable period of time (two-three weeks) during which cough may be provoked by innocuous stimuli such as exposure scents, aerosols and changes in air temperature. In the majority of subjects the hyperreactivity diminishes and the cough reflex responsiveness returns to its baseline state. However, in some circumstances this hypersensitized state persists long after the initial triggering event leading to a chronic cough state 
